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Convective transportAbstract The problem of unsteady MHD free convection ﬂow of nanoﬂuids via a porous medium
bounded by a moving vertical semi-inﬁnite permeable ﬂat plate with constant heat source and con-
vective boundary condition in a rotating frame of reference is studied theoretically. The velocity
along the plate i.e. slip velocity is assumed to oscillate in time with constant frequency so that
the solutions of the boundary layer are the same oscillatory type. The dimensionless governing
equations for this investigation are solved analytically using small perturbation approximation.
Two types of nanoﬂuids, namely Cu–water and Al2O3–water are used. The effects of various
parameters on the ﬂow and heat transfer characteristics are discussed through graphs and tables.
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University.1. Introduction
Convective heat transfer in nanoﬂuids is a topic of major con-
temporary interest both in sciences and in engineering. Heating
or cooling ﬂuids such as water, ethylene glycol and engine oil
play a crucial role in thermal management of high tech indus-
tries but they have poor thermal characteristics, in particular
thermal conductivity. Despite the considerable efforts to
improve the rate of heat transfer by the usage of extended sur-
faces, mini-channels and microchannels, further enhancement
in heating and cooling rate is always in demand. As solidmaterials possess higher thermal conductivities many studies
have been carried out on thermal properties of suspension of
solid particles in conventional heat transfer ﬂuids. Nanotech-
nology provides means to manufacture solid particles in nano-
meter scale. Choi [1] was the ﬁrst to introduce the word
nanoﬂuid that represents the ﬂuid in which nanoscale particles
(diameter less than 50 nm) are suspended in the base ﬂuid.
Nanoparticles are of great scientiﬁc interest as they are effec-
tively a bridge between bulk materials and atomic or molecular
structures. The common nanoparticles that have been used are
aluminum, copper, iron and titanium or their oxides. Experi-
mental studies [2–5] show that even with the small volumetric
fraction of nanoparticles (usually less than 5%), the thermal
conductivity of the base liquid can be enhanced by 5–20%.
The enhanced thermal conductivity of nanoﬂuid together with
the thermal conductivity of the base liquid and turbulence
induced by their motion contributes to a remarkable improve-
ment in the convective heat transfer coefﬁcient. This feature of
nanoﬂuids makes them attractive for the use in application
such as advanced nuclear system [6]. Various beneﬁts of the
Figure 1 Physical model and coordinate system of the problem.
758 K. Dasapplication of nanoﬂuids include the following: improved heat
transfer, heat transfer system size reduction, minimal clogging,
micro-channel cooling and miniaturization of the system.
Convective ﬂow in porous media has been widely studied in
the recent years due to its wide applications in engineering as
post-accidental heat removal in nuclear reactors, solar collec-
tors, drying processes, heat exchangers, geothermal and oil
recovery, building construction etc. They are also used in other
electronic applications which use microﬂuidic applications. It
should be noticed that there have been published several recent
papers [7–12] on the mathematical and numerical modeling of
convective heat transfer in nanoﬂuids. These models have
some advantages over experimental studies due to many
factors that inﬂuence nanoﬂuid properties.
The problem on natural convection heat transfer in nanoﬂ-
uids has been investigated numerically by Gilles et al. [13], Jou
and Tzeng [14], Ho et al. [15,16], Congedo et al. [17] and
Ghasemi and Aminossadati [18]. However, the number of
analytical studies on natural convection in nanoﬂuids is rela-
tively small compared with those devoted to forced convection.
Khanafer et al. [19] analyzed the two dimensional natural con-
vection ﬂow of a nanoﬂuid in an enclosure and found that for
any given Grashof number, the heat transfer rate increased as
the volume fraction of nanoparticles increased. Kim et al. [20]
introduced a new friction factor to describe the effect of nano-
particles on the convective instability and the heat transfer
characteristics of the base ﬂuid. On the other hand, very few
works have been done on natural convection ﬂow of rotating
ﬂuids. Rotating ﬂows of MHD non-Newtonian ﬂuids have
many applications in meteorology, geophysics, turbo machin-
ery and many other ﬁelds. Such ﬂows in the presence of a mag-
netic ﬁeld are signiﬁcant because of their geophysical and
astrophysical importance. Moreover the present model has
applications in biomedical engineering, for instance in the dial-
ysis of blood in artiﬁcial kidney, blood ﬂow in the capillaries,
ﬂow in blood oxygenation. Engineering applications include
the design of ﬁlters, the porous pipe design, in transpiration
cooling. Bakr [21] and Das [22] discussed free convection ﬂow
of micropolar ﬂuid in a rotating frame of reference. Recently,
Hamad and Pop [24] studied MHD free convection ﬂow in a
rotating frame of reference with constant heat source in a
nanoﬂuid. To develop the problem, they used the nanoﬂuid
model proposed by Tiwari and Das [23]. It is worth mention-
ing that while modeling the boundary layer ﬂow and heat
transfer, the boundary conditions that are usually applied
are either a speciﬁed surface temperature or a speciﬁed surface
heat ﬂux. However, there are boundary layer ﬂow and heat
transfer problems in which the surface heat transfer depends
on the surface temperature. Perhaps the simplest case of this
is when there is a linear relation between the surface heat trans-
fer and surface temperature. This situation arises in conjugate
heat transfer problems and when there is Newtonian heating of
the convective ﬂuid from the surface. The situation with New-
tonian heating arises in what is usually termed as conjugate
convective ﬂow, where the heat is supplied to the convective
ﬂuid through a bounding surface with a ﬁnite heat capacity.
This results in the heat transfer rate through the surface being
proportional to the local difference in the temperature with the
ambient conditions. This conﬁguration of Newtonian heating
occurs in many important engineering devices, for example,
in heat exchangers, where the conduction in a solid tube wall
is greatly inﬂuenced by the convection in the ﬂuid ﬂowing overit. On the other hand, most recently, heat transfer problems for
boundary layer ﬂow concerning with a convective boundary
condition were investigated by Aziz [25], Makinde and Aziz
[26], Ishak [27] and Yacob et al. [28]. But so far, no attempt
has been made to analyze the boundary layer ﬂow of a nano-
ﬂuid past a porous vertical moving plate in a rotating frame of
reference with convective surface boundary condition.
The objective of the present study is to analyze the develop-
ment of the unsteady free convection ﬂow of a nanoﬂuid past a
moving vertical permeable ﬂat plate in a rotating frame of ref-
erence with convective surface boundary condition. It is
assumed that the plate is embedded in a uniform porous med-
ium and oscillates in time with a constant frequency in the
presence of a transverse magnetic ﬁeld. The governing equa-
tions are solved analytically using perturbation technique.
Numerical results are reported for various values of the phys-
ical parameters of interest. The organization of the paper is
given as follows. The Section 2 deals with the mathematical
formulation of the problems. Section 3 contains the closed
form solutions of velocity and temperature. Numerical results
and discussion are presented in Section 4. The conclusions
have been summarized in Section 5.2. Mathematical formulation of the problem
Consider the unsteady three dimensional free convection ﬂow
of an electrically conducting incompressible nanoﬂuid of ambi-
ent temperature T1 past a semi-inﬁnite vertical permeable
moving plate embedded in a uniform porous medium in the
presence of thermal buoyancy effect with constant heat source
and convective boundary condition. The ﬂuid is a water based
nanoﬂuid containing two types of nanoparticles, either Cu
(copper) or Al2O3 (aluminum oxide). The nanoparticles are
assumed to have a uniform shape and size. Moreover, it is
assumed that both the ﬂuid phase and nanoparticles are in
thermal equilibrium state. Fig. 1 describes the physical model
and the co-ordinate system. The ﬂow is assumed to be in the
x-direction which is taken along the plate in the upward direc-
tion and z-axis is normal to it. Also it is assumed that the
whole system is rotate with a constant velocity X about z-axis.
A uniform external magnetic ﬁeld B0 is taken to be acting
along the z-axis. It is assumed that there is no applied voltage
Flow and heat transfer characteristics of nanoﬂuidsin a rotating frame 759which implies the absence of an electric ﬁeld. Also it is assumed
that the induced magnetic ﬁeld is small compared to the exter-
nal magnetic ﬁeld. This implies a small magnetic Reynolds
number for the oscillating plate (see Liron and Wilhelm
[29]). Due to semi-inﬁnite plate surface assumption, further-
more, the ﬂow variables are functions of z and time t only.
Under the boundary layer approximations, the basic equa-
tions that describe the physical situation are given by
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where u, v and w are velocity components along x, y and z-axis
respectively, bnf is the coefﬁcient of thermal expansion of
nanoﬂuid, r is the electric conductivity of the ﬂuid, qnf is the
density of the nanoﬂuid, lnf is the viscosity of the nanoﬂuid,
(qCp)nf is the heat capacitance of the nanoﬂuid, g is the
acceleration due to gravity, k is the permeability of porous
medium, T is the temperature of the nanoﬂuid, Q is the tem-
perature dependent volumetric rate of heat source, and anf is
the thermal diffusivity of the nanoﬂuid.
Further, we assume that the plate surface temperature is
maintained by convective heat transfer at a certain value Tw
(see [25–28]) which is to be determined later. Thus the bound-
ary conditions are given by
u ¼ m ¼ 0; T ¼ T1 for t  0 ð5ÞTable 1 Thermophysical properties of regular ﬂuid and
nanoparticles.
Physical properties Regular ﬂuid (water) Cu Al2O3
Cp (J/kg K) 4179 385 765
q (kg/m3) 997.1 8933 3970
j (W/mK) 0.613 400 46
a · 107 (m2/s) 1.47 1163.1 131.7
b · 105 (1/K) 21 1.67 0.63
u ¼ Ur 1þ e2 fexpðintÞ þ expðintÞg
 	
; m ¼ 0; jnf @T@z ¼ hfðTw  T1Þ at z ¼ 0
and
u! 0; v! 0; T! T1 as z!1
9>=
>;for t > 0 ð6Þwhere Ur is the uniform reference velocity and e is the small
constant quantity. The oscillatory plate velocity assumed in
Eq. (6) is based on the suggestion proposed by Ganapathy [30].
The effective density of the nanoﬂuid is given by
qnf ¼ ð1 /Þqf þ /qs ð7Þ
where / is the solid volume fraction of nanoparticles. Thermal
diffusivity of the nanoﬂuid is
anf ¼ jnfðqCpÞnf
ð8Þ
where the heat capacitance Cp of the nanoﬂuid is obtained as
ðqCpÞnf ¼ ð1 /ÞðqCpÞf þ /ðqCpÞs ð9Þ
and the thermal conductivity of the nanoﬂuid jnf for spherical
nanoparticles can be written as Maxwell [31]
jnf
jf
¼ ðjs þ 2jfÞ  2/ðjf  jsÞðjs þ 2jfÞ þ /ðjf  jsÞ ð10ÞThe thermal expansion coefﬁcient of the nanoﬂuid can be
determined by
ðqbÞnf ¼ ð1 /ÞðqbÞf þ /ðqbÞs ð11Þ
Also the effective dynamic viscosity of the nanoﬂuid given by
Brinkman [32] as
lnf ¼
lf
ð1 /Þ2:5 ð12Þ
where the subscripts nf, f and s represent the thermophysical
properties of the nanoﬂuids, base ﬂuid and the nanosolid par-
ticles respectively and / is the solid volume fraction of the
nanoparticles. The thermophysical properties of the nanoﬂuids
are given in Table 1 (see Oztop and Abu-Nada [33]).
The continuity Eq. (1) gives
w ¼ w0 ð13Þ
where the w0 represents the normal velocity at the plate which
is positive for suction and negative for injection.
Let us introduce the following dimensionless variables:
u0 ¼ u
Ur
; m0 ¼ m
Ur
; z ¼ zUr
mf
; t0 ¼ tU
2
r
mf
; n0
¼ nmf
U2r
; h ¼ ðT T1ÞðTw  T1Þ ð14Þ
where mf is the kinematic viscosity of nanoﬂuid. Then substitut-
ing Eq. (14) into Eqs. (2)–(4) yields the following dimensionless
equations (dropping primes):
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where R ¼ 2Xmf
U2r
is the rotational parameter, M ¼ B0
Ur
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rmf
qf
q
is the
magnetic ﬁeld parameter, Pr ¼ mfaf is the Prandtl number,
S ¼ w0
Ur
is the suction (S> 0) or injection (S< 0) parameter,
K ¼ kU2r
m2
f
is the permeability of the porous medium and
QH ¼
Qm2
f
U2r jf
is the heat source parameter. The velocity character-
istic Ur is deﬁned as (Hamad and Pop [24]).
Ur ¼ gbfðTw  T1Þmf
 	1=3
Also the boundary conditions become
u ¼ m ¼ 0; h ¼ 0; for t  0; ð18Þu ¼ 1þ e
2
fexpðintÞ þ expðintÞg 	; m ¼ 0; h0ð0Þ ¼ c½1 hð0Þ at z ¼ 0
and
u! 0; v! 0; h! 0 as z!1
9>=
>;for t > 0 ð19ÞHere k ¼ hfmfjfUr is the convective parameter. We now simplify
Eqs. (15) and (16) by putting the ﬂuid velocity in the complex
form as
V ¼ uþ iv and get
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The associated boundary conditions (18) and (19) are written
as follows:
V ¼ 0; h ¼ 0; for t  0; ð21Þ
Vð0Þ ¼ 1þ e
2
fexpðintÞ þ expðintÞg; h0ð0Þ ¼ c½1 hð0Þ
V! 0; h! 0; as z!1

for t > 0 ð22Þ3. Analytical solutions
To ﬁnd the analytical solutions of the system of partial differ-
ential Eqs. (17), (20) in the neighborhood of the plate under the
boundary conditions (21), (22), we express V and h as (see
Ganapathy [30])
Vðz; tÞ ¼ V0 þ e
2
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hðz; tÞ ¼ h0 þ e
2
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for e (1). Invoking the above Eqs. (23) and (24) into the
Eqs. (17), (20) and equating the harmonic and non-harmonic
terms and neglecting the higher order terms of e2, we obtain
the following set of equations:1
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where the primes denote differentiation w.r.t z.
The corresponding boundary conditions can be written as
V0 ¼ V1 ¼ V2 ¼ 1; h00 ¼ c½1 h0; h01 ¼ ch1; h02
¼ ch2 at z ¼ 0 ð31Þ
V0 ! 0;V1 ! 0;V2 ! 0; h0 ! 0; h1 ! 0; h2 ! 0 as z
!1 ð32Þ
Solving Eqs. (25)–(30) under the boundary conditions (31),
(32) we obtain the expression for velocity and temperature as
V ¼ A1expðm1zÞ þ ð1 A1Þexpðm2zÞ
þ e
2
expðm3zþ intÞ þ expðm4z intÞf g; ð33Þ
Figure 2 Velocity proﬁles for various values ofM when K= 1.0,
S= 1, c= 0.1, QH = 5 and R= 0.3.
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where
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We notice that the solutions (33) and (34) approach to the
solutions for the constant surface temperature as cﬁ1. This
can be seen from the boundary condition (22), which gives
h(0) = 1 as cﬁ1. Further, it is worth mentioning that Eqs.
(33) and (34) reduce to those of Hamad and Pop [24] when
Kﬁ1 (non-porous medium) and cﬁ1 (constant surface
temperature).
The physical quantities of engineering interest are skin-fric-
tion coefﬁcient Cf and the local Nusselt number Nu which are
deﬁned as
Cf ¼ ðTwÞz¼0
qfU
2
r
¼ 1ð1/Þ2:5V
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2
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and
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@T
@z
 
z¼0
Tw  T1 ¼ 
jnf
jf
Rexh
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where Rex ¼ Urxmf is the local Reynolds number.
Thus
Nu
Rex
¼  jnf
jf
h0ð0Þ ð37Þ4. Numerical results and discussion
In order to bring out the salient features of the ﬂow and heat
transfer characteristics with nanoparticles, the numerical
results are presented in Figs. 2–10 and in Tables 2–5. In thenumerical calculations we have used the data presented in
Table 1 for the thermo-physical properties of the ﬂuid and
the nanoparticles (Cu, Al2O3). Following Oztop and Abu-
Nada [33], we considered the range of nanoparticle volume
fraction 0 6 / 6 0.2. The Prandtl number Pr of the base ﬂuid
(water) is kept constant at 6.785. In the present study we have
chosen n= 10, nt ¼ p
2
and e= 0.02 while /, R, S, K, M, QH
and c are varied over a range, which are listed in the ﬁgures
legends.
4.1. Effect of magnetic ﬁeld parameter M
Fig. 2 illustrates the inﬂuence of the magnetic ﬁeld parameter
M on the velocity distribution for Cu–water nanoﬂuid with /
= 0.0 (regular ﬂuid), 0.05 (nanoﬂuid). It is clear from ﬁgures
that the velocity distribution across the boundary layer reduces
with an increase in the magnetic ﬁeld parameter M and
decreases asymptotically to zero at the edge of the hydrody-
namic boundary layer. This yields a decrease in the boundary
layer thickness. Thus hydrodynamic boundary layer thickness
decreases as the magnetic ﬁeld parameterM increases for both
the regular and nanoﬂuid and as a result, the local velocity also
decreases. The reason behind this phenomenon is that applica-
tion of magnetic ﬁeld to an electrically conducting ﬂuid gives
rise to a resistive type force called the Lorentz force. This force
has the tendency to slow down the motion of the ﬂuid in the
boundary layer. From Table 2, we observe that the skin fric-
tion coefﬁcient Cf at the plate increases with an increase in
the magnetic ﬁeld parameter M at a speciﬁc permeability
parameter K for both regular ﬂuid and nanoﬂuids. Also the
skin friction coefﬁcient for Cu–water solution is greater than
for Al2O3–water solution. It is noticed that in the presence of
nanoparticles the highest wall shear stress occurs. These obser-
vations show good agreement with the results of Hamad and
Pop [24].
4.2. Effect of the permeability parameter K
For different values of the permeability parameter K, the
velocity distribution on the porous wall is plotted in Fig. 3
for nanoparticle volume fraction /= 0.0 (regular ﬂuid) and
0.1 (nanoﬂuid) for Cu–water. It is obvious that the increased
Figure 3 Velocity proﬁles for various values of K when S= 1,
M= 0.8, c= 0.1, QH = 5 and R= 0.3.
Figure 4 Velocity proﬁles for various values of S (>0) when
K= 1.0, M= 0.8, c= 0.1, QH = 5 and R= 0.3.
Figure 5 Velocity proﬁles for various values of S (<0) when
K= 1.0, M= 0.8, c= 0.1, QH = 5 and R= 0.3.
Figure 6 Velocityproﬁles for various valuesofR forK=1.0,S=1,
M= 0.8, c= 0.1 andQH= 5.
Figure 7 Temperature proﬁles for various values of c when K=
1.0, S= 1, M= 0.8, QH = 5 and R= 0.3.
Figure 8 Temperature proﬁles for various values of QH when
K= 1.0, S= 1, M= 0.8, c= 0.1 and R= 0.3.
762 K. Dasvalues of K tend to increasing of the velocity on the porous
wall and so enhance the momentum boundary layer thickness.
Table 3 shows the effect of the permeability parameter K on
the skin friction coefﬁcient Cf and the Nusselt number Nu/Rex. It is seen that an increase in the permeability parameter
K leads to a decrease in the skin friction coefﬁcient for both
nanoﬂuids. Such effect is found to be more signiﬁcant in the
Figure 9 Velocity proﬁles for various values of / when K= 1.0,
S= 1, M= 0.8, c= 0.1, QH = 5 and R= 0.3.
Figure 10 Temperature proﬁles for various values of / when
K= 1.0, M= 0.8, c= 0.1, QH = 5 and R= 0.3.
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is no effect of K on Nusselt number.Table 2 Values of Cf and Nu/Rex for different nanoparticles for va
u M c Cu–W
Cf
0.0 0.0 0.1 1.965
0.5 2.046
1.0 2.268
1.5 2.587
0.5 0.5 2.037
1.0 2.029
5.0 1.989
10.0 1.967
0.1 0.0 0.1 2.697
0.5 2.781
1.0 3.016
1.5 3.362
0.5 0.5 2.767
1.0 2.755
5.0 2.701
10.0 2.6744.3. Effect of suction/injection parameter S
Figs. 4 and 5 demonstrate the effect of the suction/injection
parameter S on the ﬂuid velocity V for both regular ﬂuid
(/= 0) and nanoﬂuid (/= 0.1). As an output of ﬁgures, it is
understandable that the velocity of the ﬂuid across the boundary
layer decreases by increasing suction parameter S (>0) whereas
reverse effect occurs for injection parameter S (<0) for both
pure ﬂuid and nanoﬂuid with nanoparticles Cu. Also we see that
as S increases, the velocity still approaches the same asymptotic
value for large values of z. It is worth mentioning here that the
inﬂuence of the suction and injection parameter S on the ﬂuid
velocity is more effective for nanoﬂuid with nanoparticles Cu.
Thus hydrodynamic boundary layer thickness decreases as the
suction parameter S (>0) increases for both the regular and
nanoﬂuids but the effect is opposite for injection parameter S
(<0). The inﬂuence of the suction/injection parameter S on
the skin friction coefﬁcient Cf and the Nusselt number Nu/Rex
are enlightened in Table 4. It is observed from this table that
the shear stress at the wall increases with an increase in the
suction parameter S (>0) and effect is opposite for injection
parameter S (<0) for both regular ﬂuid and nanoﬂuid. It is
worth mentioning that the presence of nanoparticles results in
an increase in the shear stress. It is clear that theNusselt number
increases with the increase in suction parameter S (>0) for both
regular ﬂuid and nanoﬂuids with nanoparticles Cu and Al2O3
but the effect is reverse for injection parameter S (<0). Another
important fact is that the effect of S is more signiﬁcant for nano-
ﬂuid with nanoparticle Cu and Al2O3 than for regular ﬂuid
(water). This observations is in agreement with the results
obtained by Hamad and Pop [24].
4.4. Effect of the rotational parameter R
The velocity proﬁles against z for different values of the rota-
tional parameter R are displayed in Fig. 6 for both regular
ﬂuid (/= 0) and nanoﬂuid (/= 0.1). It is observed that an
increasing in R leads to decreasing in the values of the velocity
across the boundary layer and so decrease the momentum
boundary layer thickness. From Table 5 we show that as anrious values of u, M and c.
ater Al2O3–Water
Nu/Rex Cf Nu/Rex
9 – – –
7 – – –
1 – – –
5 – – –
4 0.4644 – –
3 0.8672 – –
8 2.8320 – –
4 3.9508 – –
0 – 2.3454 –
6 – 2.4357 –
7 – 2.6839 –
2 – 3.0438 –
2 0.6069 2.4225 0.6012
2 1.1150 2.4114 1.1048
5 3.3776 2.3620 3.3487
3 4.5255 2.3369 4.4882
Table 5 Values of Cf and Nu/Rex for different nanoparticles
for various values of u and R.
u R Cu–Water Al2O3–Water
Cf Nu/Rex Cf Nu/Rex
0.00 0.3 2.0354 0.4607 2.0354 0.4607
0.04 2.3154 0.5134 2.1831 0.5114
0.08 2.6107 0.5698 2.3384 0.5655
0.12 2.9196 0.6303 2.5020 0.6233
0.14 3.0789 0.6622 2.5872 0.6537
0.05 0.0 2.3786 0.5271 2.2143 0.5271
0.5 2.4040 – 2.2333 –
1.5 2.5755 – 2.3666 –
2.5 2.8235 0.5271 2.5695 0.5271
Table 3 Values of Cf and Nu/Rex for different nanoparticles for various values of u, K and QH.
u K QH Cu–Water Al2O3–Water
Cf Nu/Rex Cf Nu/Rex
0.0 0.1 5.0 3.7125 – – –
1.0 1.6935 – – –
5.0 1.3232 – – –
1 1.2106 – – –
0.5 0.0 2.0318 0.4545 – –
1.0 2.0327 0.4561 – –
3.0 2.0342 0.4586 – –
10.0 2.0374 0.4644 – –
0.1 0.1 5.0 4.6094 – 4.3065 0.5939
1.0 2.4186 – 2.0263 –
5.0 2.0661 – 1.6257 –
1 1.9672 – 1.5087 0.5939
0.5 0.0 2.7559 0.5864 2.4121 0.5808
1.0 2.7581 0.5899 2.4141 0.5843
3.0 2.7612 0.5953 2.4170 0.5897
10.0 2.7672 0.6069 2.4225 0.6012
Table 4 Values of Cf and Nu/Rex for different nanoparticles for various values of u and S.
u S Cu–Water Al2O3–Water
Cf Nu/Rex Cf Nu/Rex
0.0 0.0 1.4181 0.4086 – –
0.3 1.5930 0.4307 – –
0.6 1.7761 0.4467 – –
1.2 2.1720 0.4655 – –
0.2 1.3065 0.3909 – –
0.4 1.2000 0.3718 – –
0.8 1.0081 0.3333 – –
0.1 0.0 1.6114 0.5293 1.6142 0.5247
0.3 1.9173 0.5573 1.8365 0.5523
0.6 2.2586 0.5791 2.0753 0.5737
1.2 3.0348 0.6070 2.6015 0.6012
0.2 1.4288 0.5076 1.4760 0.5034
0.4 1.2642 0.4845 1.3467 0.4807
0.8 0.9900 0.4378 1.1182 0.4348
764 K. Dasincreasing of the rotation parameter the skin friction coefﬁ-
cient increases for both nanoﬂuid with nanoparticles Cu and
Al2O3 but Nusselt number remain unchanged.
4.5. Effect of the convective parameter c
Fig. 7 present typical proﬁles for temperature distribution for
various values of the convective parameter c for both regular
and nanoﬂuids with /= 0.0 (regular ﬂuid), 0.1 (nanoﬂuid).
Figures indicate that temperature into the ﬂuid ﬁeld decreases
on increasing c in the boundary layer region and is maximum
at the surface of the plate for both nanoparticles. Thus, by
escalating c, thermal boundary layer thickness enhances. So,
we can interpret that the rate of heat transfer decreases with
increase in convective parameter c. This phenomenon is more
prominent in the presence of nanoﬂuid particle volume frac-
tion /. It should be noted that the solution approaches to
the solution for constant surface temperature for large valuesof c i.e. cﬁ1. From the boundary condition (22), it can be
seen that h (0) = 1 as cﬁ1. These results are in agreement
with the results obtained by Hamad and Pop [24]. The varia-
Flow and heat transfer characteristics of nanoﬂuidsin a rotating frame 765tion of the skin friction coefﬁcient Cf and the Nusselt number
Nu/Rex with the convective parameter c are shown in Table 2.
Table shows that the skin friction coefﬁcient Cf decreases as c
increases for both regular ﬂuid and nanoﬂuids with nanoparti-
cles Cu and Al2O3. Also the Nusselt number increases with the
increase in the convective parameter c for nanoﬂuids with
nanoparticles Cu and Al2O3. The variation of Nu/Rex is much
more considerable for nanoﬂuids. It is to be noted that highest
heat transfer rate is obtained for Cu due to high thermal
conductivity compared to Al2O3.
4.6. Effect of the heat generation parameter QH
Fig. 8 displays the temperature proﬁles for various values of
the heat generation parameter QH for both regular ﬂuid and
nanoﬂuids with nanoparticle Cu. The temperature in the
boundary layer region decreases with the increase in the heat
generation parameter QH and as a consequence the thermal
boundary layer thickness decreases. These proﬁles satisfy the
far ﬁeld boundary conditions asymptotically, which support
the numerical results obtained. Table 3 shows the effect of heat
generation parameter QH on dimensionless shear stress (the
skin friction coefﬁcient) and heat transfer rate (Nusselt
number) for both regular ﬂuid and nanoﬂuids. It is observed
that the skin friction coefﬁcient and Nusselt number both
increase as QH increase for both regular ﬂuid and nanoﬂuids
with nanoparticles Cu and Al2O3. These results is similar to
that reported by Hamad and Pop [24].
4.7. Effect of nanoparticle volume fraction parameter /
Fig. 9 illustrates the variation of the velocity distribution for
various values of the nanoparticle volume fraction parameter
/. It is seen from these ﬁgures that the velocity distribution
across the boundary layer decreases with the increase of /.
The inﬂuence of nanoparticle volume fraction parameter /
on the temperature are shown in Fig. 10 for Cu–water when
S= 0, 0.2. It is seen from ﬁgures that the temperature proﬁle
increases with the increase in nanoparticle volume fraction
parameter /. Thus the thermal boundary layer thickness
increases and tends asymptotically to zero as the distance
increases from the boundary. From Table 5, one can be noted
that the wall skin friction coefﬁcient Cf increases with an
increase in the nanoparticle volume fraction / for both nano-
ﬂuids. It is found from this table that for a particular nanopar-
ticle, increasing nanoparticle volume fraction is to increase the
heat transfer rate at the surface. Also the heat transfer rate for
nanoparticles, namely Cu–water is greater than Al2O3–water.
This is due to the high conductivity of the solid particles Cu
than those of Al2O3. The presence of nanoparticles result in
a increase in the Nusselt number Nu/Rex. These results are
found to be identical with the results of Hamad and Pop [24].
5. Conclusions
In this work, the effect of the metallic nanoparticles on
unsteady MHD free convection ﬂow and heat transfer of an
incompressible conducting ﬂuid along a semi-inﬁnite vertical
permeable moving plate embedded in a uniform porous med-
ium in a rotating frame of reference have been studied. The
main conclusions emerging from this study are as follows: In boundary layer region, the ﬂuid velocity decreases with
the increase in magnetic ﬁeld parameter, suction parameter
S, nanoparticle volume fraction and rotational parameter
but effect is reverse for injection parameter and the perme-
ability parameter.
 An increase in the convective parameter and nanoparticle
volume fraction lead to increase the thermal boundary layer
thickness but opposite effect occurs for heat generation
parameter.
 The increasing values of c, /, QH and S (>0) is to increase
the numerical value of wall temperature gradient for both
regular and nanoﬂuids but effect is opposite for injection
parameter S (<0).
 The skin friction coefﬁcient increases with the increase in
the nanoparticle volume fraction, magnetic ﬁeld parameter,
suction parameter and rotational.
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